Abstract: A classical Merrifield resin was modified with pendant terpyridine heterocycles in order to develop a new material for heterogeneous catalysis. The protocol relies on the reaction of a pyrrolyl anion with chloro methyl groups present on the resin. The modified poly mer was then reacted with a Pd salt to afford a catalyst that was tested in the Suzuki crosscoupling reaction in environmentally friendly solvents.
Introduction
Owing to their impressive complexing properties, 2,2′:6′,2″terpyridine ligands and their complexes have been widely studied [1] . Amongst this huge amount of research work dedicated to terpyridine chemistry, there are numerous examples of polymers that were function alized with terpyridine moieties in order to obtain func tional materials [2] . One can cite terpyridine appended polyacrylates [3] , polystyrene [4] , polyvinylchloride [5] , polythiophene [6] or silica [7] just to name a few. The wellknown Merrifield resin, which is a chloromethylated polystyrene crosslinked with divinylbenzene polymer, has also been functionalized with pendent terpyridine ligands [8] . The functional polymer was obtained by react ing 4′hydroxy2,2′:6′,2″terpyridine with the resin using a Williamson reaction. Nevertheless, preparation of the former from commercially available reagents (acetone and ethyl picolinate) is not as straightforward as it seems [9, 10] . In this paper, we describe a new method for the func tionalization of Merrifield resin with terpyridine ligands. It is based on the reaction of 4′(pyrrol2yl)2,2′:6′,2″ terpyridine, a compound that is easily prepared in one pot from commercially inexpensive reagents, with the resin through Nalkylation of the pyrrole ring. The obtained material was tested in the utilization of its Pd complex to catalyze the Suzuki reaction in environmentally friendly solvents such as ethanol or water.
Materials and methods
All reagents were purchased from Acros Organics (Geel, Belgium) and SigmaAldrich (SaintQuentin Fallavier, France) and used as received unless otherwise stated. Merrifield resin (2.8-3.2 mmol Cl/g) was purchased from Acros Organics (Geel, Belgium). Terpyridine 1 was prepared according to literature [11] . All compounds synthe sized via the Suzuki reaction are known compounds. Their physi cal as well as spectroscopic properties are consistent with those reported in the literature [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . All of these compounds were purified by flash column chromatography with a Teledyne ISCO (CombiFlash Rf+ Lumen) apparatus over silica gel using hexane/ ethyl acetate mixtures as eluents, except compound 11, which was purified by recrystallization from ethanol/ aqueous HCl. C, H, N elemental analyses were recorded at the "Centre de microanalyse élémentaire" VandoeuvrelesNancy, France. Palladium elemental analyses were recorded at Institut des Sciences Analytiques (Villeur banne, France) or at Qualio (Besançon, France) by ICPAES.
Terpyridine modified Merrifield resin (2)
In a round bottomed flask are successively placed powdered 85% potassium hydroxide (1.88 g) and DMSO (45 ml). The reaction media is stirred at room temperature under argon for 30 min. Ligand 1 (4.30 g) is then added and the red solution is stirred at room temperature under argon for 30 min. Merrifield resin (4.50 g) is then added and the suspension is stirred at 100°C for 72 h under argon. After cooling to room temperature, the reaction mixture is poured onto distilled water (150 ml). The solid is filtered, thoroughly washed with water and ethanol, and air dried. Final purification is effected by Soxhlet extraction with dichloromethane until no terpyridine is detected in the filtrate (approximately 24 h). This yields modified resin 2 (4.57 g).
Preparation of catalyst (3)
In a round bottomed flask is placed 2 (2.000 g) and the system is flushed with argon. Dichloromethane is then added (70 ml) followed by PdCl 2 (CH 3 CN) 2 (0.294 g). The reaction mixture is stirred at room temperature under argon for 24 h. The solid is filtered, washed with dichloromethane and dried under vacuum in a Schlenck tube. The material (2.280 g) is stored in the tube under argon.
Representative procedure for the Suzuki crosscoupling reaction using 3 as a catalyst
In a stoppered Erlenmeyer flask are successively placed the halide (10 mmol; 1 Eq.), ethanol (200 ml), boronic acid (12 mmol; 1.2 Eq.), potassium carbonate (2.76 g; 20 mmol; 2 Eq.) and catalyst 3 (0.21 g; 0.1 mmol of Pd). The resulting mixture is stirred at room tempera ture (20°C) for 24 h. To the mixture is then added dichloromethane (100 ml) and the resulting suspension is stirred at room temperature for half an hour. The solid (catalyst and base) is then filtered (glass sintered funnel) and washed with 50 ml of dichloromethane. Organic layers are combined, washed with water (2 × 100 ml), brine (100 ml), dried over sodium sulfate and concentrated under vacuo.
Catalyst recovery
The almost dry mixture of catalyst and base is suspended and stirred in water (100 ml) for half an hour. The solid is then filtered, washed with water (50 ml), small portions of ethanol and dried on the filter under vacuo. The brown powder so obtained can be reused directly for another experiment. If the catalyst is to be stored for an extended period of time, it is further washed with small portions of diethyl ether and stored in a glass vial without specific caution.
Sonogashira coupling of phenylacetylene with iodobenzene
To a suspension of 3 (0.106 g) in water (10 ml) is added iodobenzene (2.04 g; 10 mmol). The resulting mixture is stirred at room tempera ture for 5 min. Then phenylacetylene (1.24 g; 12 mmol) and triethyl amine (2.2 ml) are added and the solution is stirred at 80°C for 2 h. After cooling to room temperature, the solid is filtered and washed with dichloromethane (30 ml). Layers are separated and the aqueous layer is extracted with dichloromethane (3 × 10 ml). Organic layers are combined, washed with brine (50 ml), dried over sodium sulfate and concentrated. The crude product is purified by flash chromatogra phy over silica gel using hexane as eluent. Pure diphenylacetylene is obtained as a white solid (0.60 g; 34%). Spectroscopic and physical properties are in agreement with literature values.
Results and discussion
The methodology used to anchor the terpyridine moiety onto Merrifield resin relies on the Nalkylation of the pyrrole heterocycle of 4′(pyrrol2yl)2,2′:6′,2″terpyridine 1 [11] (Scheme 1). To achieve this, 1 was reacted with potassium hydrox ide in DMSO to generate Npyrrolyl anion. The nucleo philic character of the pyrrolyl anion was then exploited to displace a Cl atom onto the resin, thus giving birth to a new CN bond and insuring anchorage of the ligand onto the polymeric network. The reaction was carried out both at room temperature and at 100°C. Final purification was achieved by thoroughly extracting the resin with dichlo romethane in a Soxhlet apparatus.
Characterization techniques for this new material are limited due to its insolubility. Nevertheless, elemental analysis clearly demonstrates the presence of the nitrogen heterocycles. Since nitrogen atoms are only brought by the terpyridinepyrrole moieties, the degree of functionaliza tion was easily determined by measuring nitrogen content of the modified resin. The results (Table 1) indicate that the functionalization was increased when performing the modification at 100°C. Then, resin 2 was reacted with (CH 3 CN) 2 PdCl 2 in dichloromethane to afford an anchored Pdcomplex (3) suitable for use as heterogeneous catalyst (Scheme 2). The amount of Pd adsorbed was determined to be 5 wt% by elemental analysis (ICPAES). As a control experiment, unmodified Merrifield resin was reacted with the palla dium salt under the same conditions as 2. In this case, the measured palladium content was only 1.3 wt%. This result demonstrates the important role of the terpyridine moieties for immobilizing palladium onto the resin, and is in accordance with previous reports about terpyridine modified polystyrenebased polymers as metals adsor bents [8, [23] [24] [25] . The metalloaded material 3 was then assessed as an heterogeneous catalyst for the SuzukiMiyaura cross coupling reaction [26] between bromo (4) or iodoben zene (5) and phenylboronic acid (6) to afford biphenyl (7) (Scheme 3).
A first set of experiments was carried out in three different solvents, namely water, ethanol and 2methyl tetrahydrofuran (2MeTHF). These solvents were selected because they are harmless (water) or can be obtained from biomass (EtOH [27, 28] or 2MeTHF [29] ) in order to have a synthetic process as sustainable as possible. Results are depicted in Table 2 .
From these experiments, it is clear that ethanol is more suitable for carrying out this coupling reaction. Then, different bases (Table 3) were assessed and com pared in the coupling of iodobenzene with phenylboronic acid (Scheme 4). As can be seen in Table 3 , the best base to achieve the reaction is potassium carbonate. All other bases, except sodium carbonate, gave poor results. This result is in accordance with a previous report [30] highlighting the importance of carbonate bases in Suzuki coupling in envi ronmentally friendly solvents such as water.
Then, the effect of catalyst loading was estimated (Table 4 ) using the combination of ethanol as solvent and potassium carbonate as a base with a reaction time of 24 h as above. The best yield was obtained with a catalyst loading of 1% (based on metal content).
The recovery and reuse of a catalyst is a very impor tant point in order to have a process as sustainable as possible. Thus, the recyclability of this new supported catalyst was tested on the model reaction. Material 3 can be recycled six times without significant loss of efficiency (Figure 1 ). The loss of reactivity can be explained by Pd leaching. In fact, after five cycles, Pd content dropped to 2.7 wt%. It is interesting to note that the recovered cata lyst can be stored for an extended period of time without specific caution while retaining its efficiency. This point is demonstrated by Run 6 which was carried out at least 1 month after Run 5. Furthermore, the stability of 3 was con firmed by running two experiments with a sample stored in air for more than a year (Table 5) .
Then, catalyst 3 was used to prepare a broad range of different compounds (Table 6 ) by coupling different (het) aryl halides and boronic acids (Scheme 5).
The reaction was successful for coupling different aryl iodides with boronic acids. Interestingly, 1bromo 4nitrobenzene was sufficiently reactive (Table 6 , entries 3 and 10) to be used, but electrondeficient boronic acids (Table 6 , entries 6-10) are poor substrates with this cata lyst. More surprising is the low reactivity of thiophene 2boronic acid (Table 6 , entries 11-13) which requires the halide to be activated by an electronwithdrawing group. This phenomenon is not elucidated yet. Finally, in order to extend the possible uses of this new catalyst, one pre liminary experiment was carried out to test the feasibility of using 3 in a copperfree Sonogashira coupling between phenylacetylene and iodobenzene in water using condi tions recently described [31] (Scheme 6). The reaction afforded the desired diphenylacetylene (20) in 34% yield, thus confirming the potential utilization of this new cata lyst in Sonogashira reactions.
Conclusion
A new heterogeneous catalyst suitable for the Suzuki crosscoupling reaction between aryl iodides and boronic acids has been designed. It is based on a polymeric Merrifield resin that is functionalized with terpyridine ligands which were used to complex the active metal palladium. This new metalcontaining polymer can be reused up to six times.
Although being not efficient onto electrondeficient boronic acids, its main advantages are an easy preparation Scheme 5: Preparation of various di-(het)aryl compounds using 3 as catalyst.
Scheme 6: Sonogashira coupling in water catalysed by 3. from commercially available reagents and an excellent stability in time, making it a new tool for the preparation of biaryls. Furthermore, a preliminary experiment indi cates that this new material is suitable for the Sonogashira coupling. Thus, future work will focus on broadening the scope of reactions which can be catalyzed with it.
